Wildlife populations in Southeast Asia are subject to increasing pressure from climate change, habitat loss and human disturbance. Cave-roosting bats are particularly vulnerable to all three factors. Because of the ecological services they provide, it is important to assess specific vulnerabilities to inform their conservation management. We evaluated the reproductive phenology and body condition of Chaerephon plicatus for 14 months in 2015-2016 and quantified guano harvesting at the largest colony in Cambodia in 2011-2016. As in Thailand and Myanmar, two annual breeding cycles were recorded, characterized as continuous bimodal polyoestry, with parturition primarily occurring in April and October. Significant declines occurred in body condition between the late wet season and the late dry season, suggesting that bats experience increasing energetic stress as the dry season progresses. Annual guano harvests increased over the study period but could not be used as a proxy for monitoring population size due to the loss of unknown amounts during the wet season and unquantified movements of bats between C. plicatus colonies in the region. We recommend studies to determine the scale and drivers of such movements and creation of sustainable guano harvesting and population monitoring initiatives to ensure the conservation of C. plicatus colonies in Cambodia.
Introduction
Wildlife populations are subject to increasing pressure from a range of threatening processes worldwide, including climate change, habitat loss and human disturbance. This is particularly true in Southeast Asia, a region supporting >25% of global bat diversity [1] , which has one of the highest deforestation rates in the tropics [2] , and where human populations doubled in under four decades to reach 593 million people in 2010 [3] . As a consequence, information regarding the specific vulnerabilities of regionally diverse and threatened taxa such as cave-roosting bats [4] is of considerable interest and can be used to guide efforts to protect and sustainably manage their populations.
The wrinkle-lipped free-tailed bat Chaerephon plicatus (synonym: Tadarida plicata) (Molossidae) is a widely-distributed insectivorous species occurring from India and Sri Lanka through mainland Southeast Asia and southern China, to the Philippines and Indonesia [5] . The taxon is perhaps best known for aggregating in colonies of up to several million bats in caves, although it also roosts in rock crevices and buildings [6] and is presumed to have a nightly foraging radius of 25 km (equating to a foraging catchment of nearly 2000 km 2 ) [7] . Large aggregations are characteristic of molossid bats in both New and Old World caves and the evening emergence of such colonies attracts significant numbers of tourists every year [4] . They are also functionally important due to the substantial services they provide in the suppression of arthropod pests. For instance, the pest predation services provided by free-tailed bats (Tadarida brasiliensis) in protecting cotton yields in the southern US were valued at 741,000 USD annually [8] , whereas in Thailand, similar biological control provided by C. plicatus in protecting rice harvests was valued at 1.2 million USD each year [7] .
The destruction of a roost of ≈2 million C. plicatus at the National Museum in the Cambodian capital of Phnom Penh in the early 2000s [9, 10] led to the documentation of 12 large colonies of the species throughout the country (Table 1, Figure 1 ). These include seven colonies inhabiting limestone caves in north-western and southern Cambodia which may represent ≈97% (6.37 million bats) of the national population [11] . All seven colonies have been evaluated as nationally significant sites for bat conservation [12] , whereas the current status of the five smaller colonies identified at scattered anthropogenic roost sites in central Cambodia [11] remains unknown. The large quantities of guano produced by the seven cave colonies are harvested for plant fertilizer by local communities and should conservative estimates of the value of ecosystem services provided by these bats in Thailand [7] hold true for Cambodia, these would prevent the loss of >2300 tons of rice or daily rice meals for >20,800 people each year. Given the functional and economic importance of this service, the aim of our study was to determine requirements for sustainable management of the species in Cambodia. Because cave-roosting bats are vulnerable to human disturbance during critical reproductive periods (late pregnancy, lactation and weaning) [4] , documentation of these periods has clear conservation relevance [13] . Although a wide variety of reproductive patterns have been described for molossid bats [14] , the similar climate and monsoon seasons of Thailand and Myanmar [15] led us predict that reproductive phenology of C. plicatus in Cambodia would match patterns documented in these countries [16] [17] [18] . Due to the influence of climate and specifically rainfall on insect biomass and hence food availability for insectivorous bats [14, 19, 20] , we further hypothesized that differences in the latter between the dry and wet seasons in Cambodia would be reflected in seasonal differences in body condition and consequently permit identification of periods when the species may be subject to energetic stress. Lastly, we quantified guano harvests at the largest known and most closely Because cave-roosting bats are vulnerable to human disturbance during critical reproductive periods (late pregnancy, lactation and weaning) [4] , documentation of these periods has clear conservation relevance [13] . Although a wide variety of reproductive patterns have been described for molossid bats [14] , the similar climate and monsoon seasons of Thailand and Myanmar [15] led us predict that reproductive phenology of C. plicatus in Cambodia would match patterns documented in these countries [16] [17] [18] . Due to the influence of climate and specifically rainfall on insect biomass and hence food availability for insectivorous bats [14, 19, 20] , we further hypothesized that differences in the latter between the dry and wet seasons in Cambodia would be reflected in seasonal differences in body condition and consequently permit identification of periods when the species may be subject to energetic stress. Lastly, we quantified guano harvests at the largest known and most closely protected C. plicatus colony in Cambodia to assess their utility for future monitoring efforts.
Materials and Methods

Study Sites
Our field work was undertaken in 2015-2016 at Ta Rumm #1 cave, Sampeu hill and La Ang Pracheav cave, Reichiatra hill in Battambang Province, north-western Cambodia (Table 1, Figure 1 ). Though Ta Rumm #1 cave was the study focus, La Ang Pracheav cave was sampled in lieu of this on three occasions in response to the wishes of its concessionaire. Both are consequently described for indicative purposes below. Because the two caves are situated ≈8 km apart, it was assumed their C. plicatus colonies would exhibit the same climate-driven patterns in reproductive phenology and seasonal body condition [14, 19, 20] .
Ta Rumm #1 cave is located midway up the western face of Sampeu hill (area: 0.44 km 2 ), a heavily frequented tourist and pilgrimage destination (Site #1: Table 1, Figure 1 ). Much of the hill is forested, although several Buddhist temples and cave shrines occupy the summit area which is accessible by road. Caves at Sampeu were mapped by [21] , including several that served as execution grounds during the Khmer Rouge era. The landscape surrounding the hill is dominated by seasonal (rain fed) rice cultivation, although this is increasingly irrigated and small areas of coconut, banana and other fruit are grown around the base of the hill. Ta Rumm #1 cave has one lower and one upper entrance which are both vertical, and although speleologists have yet to map its interior due to high levels of ammonia [21] , these lead to separate roosts within the cave which have both been harvested for guano at least once and as many as four times a month by the same concessionaire since 1995 [22] . Though some C. plicatus colonies in Cambodia have been harvested for longer, harvest records are lacking. Each evening, bats departing from the upper cave entrance join those emerging from the lower entrance to form a single stream of departing bats and 1.8 million C. plicatus were estimated to occupy the site [11] . Our sampling was conducted in front of the lower cave entrance. Located ≈8 km to the south, La Ang Pracheav cave is situated on the upper-northern face of Reichiatra hill (local name, Phnom Romseisak) (Site #4: Table 1 , Figure 1 ). Reichiatra hill forms the western portion of a contiguous series of hills (area: 5.98 km 2 ) orientated east-west, much of which are forested and managed locally as a community forest. Like Sampeu hill, the surrounding landscape is dominated by seasonal (rain fed) rice cultivation, although maize is also grown locally. La Ang Pracheav cave is 135 m in length and has a lower and upper entrance, plus two additional ceiling apertures [21] . The lower entrance is horizontal and leads via a level passage to a large chamber at the rear of the cave which was estimated to house 600,000 C. plicatus [11] . Our sampling was undertaken at the upper cave entrance, which is effectively vertical in opening directly onto the upper portion of the roost chamber. Following release of the cave from military control in 2014, guano harvesting at La Ang Pracheav has been managed by the board of the community forest [23] . Prior to 2011, the bat colony occupied the cave for three months (July-September) each year but has been in permanent residence since July 2016 [23] .
As similar in most seasonal areas in continental Southeast Asia, the climate of north-western Cambodia is dominated by the southwest monsoon which results in heavy rainfall from May to October, and subsequently by the northeast monsoon from November to April when rainfall is scant [15] . Battambang Province has an average annual rainfall of 1312 mm (1982-2013, Battambang Meteorological Station: 13.08 • N, 103.21 • E). Temperature varies relatively little during the year with mean monthly values for minimum temperatures ranging from 19.3-25.1 • C (in January and May respectively) to maximum temperatures of 30.0-36.1 • C (December and April respectively) (ibid). Approximately 82% of annual rainfall occurs during the wet season and because ≈49% falls in August-October, this is sometimes referred to as the 'main wet season'.
Data Collection
Two consecutive nights of live-trapping were conducted at one study cave each month from April 2015 to May 2016 inclusive. Sampling occurred during the last ten days of each month, and 11 months of sampling were conducted at Ta Rumm #1 cave, with the remaining three months undertaken at La Ang Pracheav cave (July 2015, April and May 2016).
We captured and handled bats in the field in accordance with guidelines approved by the American Society of Mammalogists [24] , in addition to the requirements of the statutory study permission provided by the national authority responsible for wildlife research, the Forestry Administration of the Cambodian Ministry of Agriculture, Forest and Fisheries. As an animal ethics committee did not exist at the time in Cambodia, all study aspects were overseen by the Forestry Administration who participated in the field investigations.
A single mist net (3 × 3 m, ≈100 denier, 2 ply) was employed in a mobile fashion to sample bats emerging from the entrance of the caves on each occasion. This was held horizontally underneath the stream of emerging bats and shifted to a vertical position for 3-5 s before being returned to horizontal and immediately moved to adjacent ground where the captured bats were extracted and placed in individual cotton drawstring bags by 2-3 surveyors. This procedure began at sunset and was repeated 3-4 times until ≈50 bats were captured each night. All bats caught were measured for forearm length using dial calipers [6] , weighted to the nearest 0.5 g with spring scales (mature males only), identified in-situ using reference keys [25, 26] and released unharmed at their capture site the same night.
Because guano harvesting records prior to 2011 for Ta Rumm #1 cave have been lost [22] , harvest records were obtained for January 2011 to February 2017 inclusive. Climate data for 2015-2016 were obtained from the Battambang Department of Water Resources and Meteorology, which is located approximately 16 km from the study caves.
Reproductive Assessment
We examined all bats to determine their sex, age and reproductive status [27, 28] . We classified volant individuals lacking fully ossified and fused metacarpal-phalangeal epiphyses as juveniles [29] .
Genitalia were examined to determine the status of non-juvenile males and these were classified as reproductively immature if they lacked enlarged testes and/or distended caudae epididymides, or mature if these were enlarged or distended [28] .
Non-juvenile females were classified as nulliparous or parous, and, reproductively inactive, pregnant, and/or lactating. This was determined by examining the development and morphology of mammary glands and thoracic (axillary) nipples. Pregnancy was assessed by abdominal palpation to determine the presence of fetuses. Lactation was confirmed through the extrusion of milk following gentle palpation of the mammary glands and nipples.
Analysis
Monthly climate data (rainfall, mean daily minimum and maximum temperatures) for the study period (2015-2016) were contrasted with long term averages . Live-weight served as a proxy for the body condition of bats using the scaled mass index (SMI) [30] . Analyses were confined to reproductively mature male bats to eliminate the confounding effects of reproduction (pregnancy, lactation) and ontogeny (development of juveniles and immature bats) on body weight. Harvesting records for Ta Rumm #1 cave were used to quantify temporal variation in guano production at the site. This is harvested in sacks with a weight of ≈10 kg and a sale value of 25,000 Riel (=6.25 USD) and all guano is reportedly collected on each harvesting occasion, though this could not be confirmed because of safety concerns associated with accessing the cave due to high levels of ammonia present.
Because monthly percentages of lactating females were not normally distributed, Spearman rank order correlation (r s ) was employed to determine the relationship between these values and mean monthly rainfall . Monthly variations in raw SMI values were assessed using a one-way ANOVA test, as these were normally distributed with homogenous variances. Spearman-rank order correlation was also used to assess relationships between mean monthly SMI and monthly rainfall values for August 2015 to May 2016, as the latter were not normally distributed. An independent t-test was used to compare raw SMI values between the late wet season (August−October 2015) and the late dry season (February−April 2016).
Because data were normal and variances homogenous, a one-way ANOVA test was used to assess variation in total monthly guano harvests between January 2011 and February 2017. Pearson's product-moment correlation (r) was used to explore relationships between mean monthly guano harvests for the same period and mean monthly rainfall (1982-2013), as both data were also normal. An independent t-test was employed to compare total monthly guano harvests between the dry (November-April) and wet seasons (May-October) from January 2011 and December 2016. All tests were carried out using SPSS vers. 23 or Minitab vers. 17.1.0 and the threshold for significance was set at p < 0.05.
Results
Climatic Variation
The wet season in 2015 and 2016 was typical for Battambang and occurred from May to October, although less rain fell in both years compared to long term averages for the province (1095 and 960 mm respectively vs. 1312 mm) ( Figure 2 , Table S1 ). Mean daily maximum temperatures each month were also consistently greater than long term averages, particularly in March-May 2016 when they reached 40.4-41.5 • C (4.9-5.6 • C higher). Apart from the first two months of each study year, average daily minimum temperatures each month were more similar to long term means, although they were slightly lower. 
Reproductive Phenology
A total of 1497 individuals of C. plicatus (♂:♀ ratio = 1:1.82) were captured during the study period and a monthly mean of 107 bats were examined (min-max = 99-112, SD ± 4.3) (Table S2) .
With the exception of three heavily pregnant females captured in April 2015 and 2016, the majority of pregnancies were observed in February-March and August-September (99%, 225 of 228 bats) ( Figure 3 ). These two periods were followed by high proportions of lactation from April-July (mean = 79%, min-max = 57-93, SD ± 13) and October-January (mean = 87%, min-max = 75-95, SD ± 9). Monthly percentages of lactating females were not related to rainfall (rs = −0.007, p = 0.982). 
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With the exception of three heavily pregnant females captured in April 2015 and 2016, the majority of pregnancies were observed in February-March and August-September (99%, 225 of 228 bats) ( Figure 3 ). These two periods were followed by high proportions of lactation from April-July (mean = 79%, min-max = 57-93, SD ± 13) and October-January (mean = 87%, min-max = 75-95, SD ± 9). Monthly percentages of lactating females were not related to rainfall (rs = −0.007, p = 0.982). Reproductively immature bats were encountered in every month of the study except October 2015 (monthly mean = 21, min-max = 0-46, SD ± 13). Because juvenile bats were almost exclusively observed in June and December (42 of 43 bats), two months after the onset of lactation, the majority of C. plicatus births evidently occur in April and October. As such, the reproductive pattern of the species in north-western Cambodia may be classifiable as seasonal or continuous bimodal polyoestry (two litters per female/year in two distinct seasons of parturition), although it is also possible that some females breed at different times of the year.
Seasonal Body Condition
Monthly SMI values for reproductively mature male bats (n = 254) varied significantly from August 2015 to May 2016 (F = 13.293, df = 9, p < 0.001) (Figure 4 , Table S3 ). Mean monthly index values were not related to monthly rainfall for the same period (r s = −0.03, p = 0.934). However, raw SMI values were significantly greater during the second half of the wet season (August-October 2015, mean = 15.6 g, SD ± 1.5, n = 48) compared to the late dry season (February-April 2016, mean = 14.5 g, SD ± 1.3, n = 68) (independent t = 4.086, df = 94, p < 0.001). Reproductively immature bats were encountered in every month of the study except October 2015 (monthly mean = 21, min-max = 0-46, SD ± 13). Because juvenile bats were almost exclusively observed in June and December (42 of 43 bats), two months after the onset of lactation, the majority of C. plicatus births evidently occur in April and October. As such, the reproductive pattern of the species in north-western Cambodia may be classifiable as seasonal or continuous bimodal polyoestry (two litters per female/year in two distinct seasons of parturition), although it is also possible that some females breed at different times of the year.
Monthly SMI values for reproductively mature male bats (n = 254) varied significantly from August 2015 to May 2016 (F = 13.293, df = 9, p < 0.001) (Figure 4 , Table S3 ). Mean monthly index values were not related to monthly rainfall for the same period (rs = −0.03, p = 0.934). However, raw SMI values were significantly greater during the second half of the wet season (August-October 2015, mean = 15.6 g, SD ± 1.5, n = 48) compared to the late dry season (February-April 2016, mean = 14.5 g, SD ± 1.3, n = 68) (independent t = 4.086, df = 94, p < 0.001). 
Guano Harvests
Annual guano harvests at Ta Rumm #1 cave increased almost yearly from 4101 sacks in 2011 to 7110 sacks in 2015 (73%), 79-83% of which came from the lower of the two roosts within the cave ( Figure 5 , Table S4 ). This was followed by a 19% decrease to 5746 sacks (81% from the lower roost) in 2016. These figures equate to a study nadir of 41.0 tons of guano in 2011, a study peak of 71.1 tons in 2015, followed by 57.5 tons in 2016. 22  16  10  35  32  31  23  16  29  40 Monthly rainfall (mm) Scaled mass index (g) 
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Discussion
Our study provides the first information on the reproductive ecology of C. plicatus in Cambodia. Although still abundant in at least two parts of the country, with several colonies locally protected, the tendency of the species to aggregate in large numbers in caves or buildings renders it particularly vulnerable to hunting for bush meat consumption and human disturbance [31, 32] . This is demonstrated by its apparent extinction in Singapore [33] and the loss of nearly all large colonies in the Philippines, several in Laos, and at least one in Myanmar and Cambodia [25, 32] .
Because we observed pregnancies almost exclusively in February-March and August-September and juvenile bats in June and December, the majority of C. plicatus births at our study site evidently occur in April and October. As this matches the timing of births reported at other C. plicatus colonies in north-western and southern Cambodia (sites #3, #4 and #12, Table 1 , Figure 1 ), our findings are likely to be applicable nationwide. This is supported by the fact that they also match the reproductive phenology of the species in south-central Thailand [16, 18] , and central and coastal Myanmar [17] . However, while growing evidence suggests that seasonally monoestrous insectivorous cave bats exhibit reproductive synchrony across Southeast Asia, even in areas with limited seasonality in rainfall [34] , it remains unclear whether the same might be true for a species with two annual breeding cycles such as C. plicatus. This is due to an apparent lack of information on the reproduction of the species in range countries such as China, Vietnam, Malaysia, Indonesia and the Philippines. Nonetheless, our confirmation of critical reproductive periods for C. plicatus in Cambodia provides clear guidance as to when disturbance of in-country colonies, such as inappropriate guano harvesting practices, should be avoided. At a minimum, the period from late pregnancy through to weaning each year (e.g., March-June and September-December) should be regarded as critical times requiring the application of sustainable guano harvesting techniques [35] .
Our finding that body condition (as indicated by the SMI) is significantly improved during the late wet season (August-October) compared to the late dry season (February-April) was expected. This is because insect biomass and thus food availability for insectivorous bats such as C. plicatus correlates positively with rainfall [19, 20] , and consequently peaks during the wet season in the seasonal tropics of Southeast Asia [36, 37] . Conversely, the progressive decline we observed in the live-weights of male bats from December 2015 through April 2016 suggests that these may experience increasing energetic stress as the dry season (November-April) progresses each year. Fat depletion due to energy demanding processes, such as recrudescence of the male reproductive tract, and competitive mating during the same period could also contribute to this; although additional research is needed to confirm this. Further studies are also desirable to confirm if our findings represent a recurrent seasonal pattern. If this is the case and typical for both sexes each year however, this stress might be exacerbated for reproductive females since these are largely pregnant in February-March and bear young in April. As a consequence, precautionary principles warrant consideration of the late dry season as a period of heightened vulnerability for C. plicatus in Cambodia.
Although rates of guano accumulation should reflect the size of bat colonies [4] , their utility as a proxy for population size at our study site was compromised by the practical difficulty of ensuring consistent harvest methods (due to safety concerns related to ammonia levels in the cave) and the fact that unquantified amounts of guano are flushed from accessible areas of the cave by percolating waters during the wet season [22] . The latter may explain why guano harvests were significantly greater in the 2011-2017 dry seasons when the opposite might be expected due to greater food availability during the wet season. Use of harvest data as a proxy for monitoring bat population size at Ta Rumm #1 cave would also be confounded by reported movements between C. plicatus colonies in the region, four of which occur within 10 km of the site. Notwithstanding this, the decline recorded in guano harvests in 2016 despite lower rainfall may be partly attributable to mass mortalities of cave bats observed in April that year in Cambodia [38] . This was apparently due to several areas of the country experiencing the highest temperatures on record, with an all-time national high of 42.6 • C in northern Cambodia [39] . Though some degree of mortality commonly occurs during parturition periods for C. plicatus [17] , the managers of three cave colonies in Battambang (#1, #3 and #4, Figure 1 ) reported that the levels witnessed in April 2016 were among the highest they had seen and estimated colony losses of 10-30%.
The seven cave colonies representing the bulk of C. plicatus populations in Cambodia have been effectively protected by local communities for several decades. Protection of the colony at Ta Rumm #1 is particularly effective as the concessionaire lives directly below the cave. We recommend these communities be encouraged to continue protecting their bat colonies through the establishment of sustainable guano harvesting practices, harvest record systems and population monitoring programs [35] . Because movement of bats between colonies has been reported by site managers/concessionaires in Battambang, studies to determine the scale, periodicity and drivers of such exchanges are also desirable. Furthermore, as the status of the five colonies identified at scattered anthropogenic roost sites in central Cambodia [11] is currently unknown, efforts to clarify this are similarly warranted.
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